High-throughput characterisation of the molecular response of pulpal tissue under carious lesions may contribute to improved future diagnosis and treatment. To identify genes associated with this process, oligonucleotide microarrays containing¨15,000 human sequences were screened using pooled total RNA isolated from pulpal tissue from both healthy and carious teeth. Data analysis identified 445 genes with 2-fold or greater difference in expression level, with 85 more abundant in health and 360 more abundant in disease. Subsequent gene ontological grouping identified a variety of processes and functions potentially activated or down-modulated during caries. Validation of microarray results was obtained by a combination of real-time and semi-quantitative PCR for selected genes, confirming down-regulation of Dentin Matrix Protein-1 (DMP-1), SLIT2, Period-2 (PER2), Period-3 (PER3), osteoadherin, Glypican-3, Midkine, activin receptor interacting protein-1 (AIP1), osteoadherin and growth hormone receptor (GHR), and up-regulation of Adrenomedullin (ADM), Interleukin-11 (IL-11), Bone sialoprotein (BSP), matrix Gla protein (MGP), endothelial cell growth factor-1 (ECGF1), inhibin hA and orosomucoid-1 (ORM1), in diseased pulp. Real-time PCR analyses of ADM and DMP-1 in a panel of healthy and carious pulpal tissue and also in immune system cells highlighted the heterogeneity of caries and indicated increased expression of ADM in neutrophils activated by bacterial products. In contrast, DMP-1 was predominantly expressed by cells native to healthy pulpal tissue. This study has greatly extended our molecular knowledge of dental tissue disease and identified involvement of genes previously unassociated with this process. D
Introduction
A recent report by the World Health Organization highlighted dental caries as a growing problem in both industrialized and, increasingly, in developing countries affecting 5 billion people worldwide. The disease impacts on all age groups causing pain, suffering, impairment of function and a reduced quality of life. Treatment costs are estimated to account for between 5 and 10% of total health costs in industrialized countries and are beyond the resources of many developing countries [1, 2] . Caries is multifactorial involving the interplay between genetics, diet, life-style and invading microflora and preventative disease management regimes have been targeted at several of these primary risk factors [3] . So far, however, these approaches have been insufficient for disease eradication. Tooth restorative treatments following caries are still fairly empirical and involve excavation of the decayed tissue and subsequent replacement with relatively inert filling materials. This procedure, however, requires critical placement and failure rates of up to 60% have been reported which necessitates either re-treatment or results in tooth loss [4] .
The dentine -pulp complex of the tooth has inherent natural regenerative properties and two mechanisms for this process are described. Following relatively mild tooth injury, odontoblasts lining the pulp chamber, localised beneath the lesion, are stimulated to up-regulate their synthesis and secretion of a tertiary dentine extracellular matrix (ECM), which subsequently protects the underlying cells and maintains the tissues vitality. Injury of greater intensity, however, can lead to local odontoblast necrosis and replacement with a new generation of odontoblast-like cells, recruited from the pulp core, which subsequently secrete new mineralized dentine ECM beneath the lesion [5] . Clearly, the latter process is more complex involving progenitor cell recruitment and induction of differentiation prior to new matrix secretion. Recently, studies have shown that the inflammatory process, which ensues due to carious infection, can negatively impact on these repair mechanisms [6, 7] . Whilst this immune response is well characterized histologically [8] [9] [10] [11] [12] [13] , our knowledge of its molecular mediation is partial with the involvement of only a limited number of cytokines and other related immune regulatory molecules having been described [14 -19] .
Genome sequencing projects and advances in microarray technologies now provide us with reliable tools to obtain a comprehensive picture of the molecular events that occur during disease progression. Such an analysis of caries could provide information on the recruitment and involvement of specific cell types, cellular activation mechanisms, expression of genes as a result of interactions between resident and immune cell populations and on repair associated molecules. Specifically, known and novel molecules previously not associated with the disease may be identified. Clinically, the description and classification of molecular changes will enable (a) dissection of the molecular circuitry of the disease process, (b) identification and validation of potential targets for therapeutic intervention and (c) identification of potential biomarkers for improved diagnosis and validation.
Previously, we have developed a temperature-sensitive dental tissue extraction procedure for the selective isolation of core pulpal tissue whilst leaving the peripheral odontoblast population attached to the dentine ECM [20] . The aim of this present study was therefore to characterize gene expression profiles within this core pulpal tissue from clinically healthy and severely carious human teeth. Along with confirmation of differential expression profiles for selected genes, the differentially expressed datasets were subsequently grouped into biological and molecular ontological classes. In addition, as the gene expression data represented an average response for the heterogeneous population of cells present within the pulp, further specific cell and tissue expression profiling was performed.
Experimental procedures

Extraction of dental tissue
Carious and sound mature human premolar and molar teeth, extracted for orthodontic purposes from patients in the age range of 20 to 30 years, were obtained immediately postextraction from clinics at the Birmingham Dental Hospital following informed patient consent. Carious teeth exhibited disease ranging from enamel involvement only to deep dentinal lesions. Extracted teeth were immediately submerged in the RNA stabilising solution, RNA Later (Sigma, UK). Teeth were subsequently longitudinally sliced, using a segmented, diamond-edged rotary saw (TAAB Laboratories, UK) cooled with PBS, and the pulpal tissue carefully removed intact using a sterile dental probe and forceps. This technique has previously been shown to provide core pulpal tissue with the odontoblast layer being left intact on the dentine surface [20] .
Purification and activation of immune system cells
Following informed patient consent, venous blood from medically healthy donors, who had no history of inflammatory disease, was collected under sterile conditions in vacutainer tubes containing either heparin sulphate (neutrophils) or sodium citrate (monocytes). Neutrophils were subsequently prepared from 7 mL venous blood using a previously described single gradient (d=1.079) Percoll density centrifugation technique [18] . In brief, blood was layered onto the 8-mL Percoll gradient (Amersham, UK) and centrifuged for 8 min at 150Âg and then for a further 10 min at 1200Âg to separate blood platelets and mononuclear cells. Neutrophils were subsequently harvested and contaminating red blood cells removed by addition of 30 mL ice-cold lysis buffer (0.83% NH 4 Cl, solution). Cells were then subjected to two 2-mL washes, firstly in lysis buffer then phosphate-buffered saline (PBS) for 6 min at 360 g, and finally resuspended in 1 mL PBS. Prior to stimulation, neutrophil cell counts and viability were determined using the trypane blue (Sigma, UK) exclusion method. A proportion of isolated neutrophil cells were stimulated by exposing 5Â10 6 cells to 1 mL GPBSS (PBS with the addition of 10 mM glucose, 1 mM CaCl 2 , 1.5 mM MgCl 2 ) supplemented with 250 ng of Escherichia coli Lipopolysaccharide (LPS) (Sigma, UK) for 3 h at 37 -C. As control, 5Â10 6 neutrophils were incubated for 3 h at 37 -C in unsupplemented GPBSS. Following incubation, cells were centrifuged at 1200Âg for 2 min, the supernatant removed and the pellet used for RNA isolation.
Monocytes were isolated from 200 mL venous blood using Ficoll Hypaque (Amersham-Pharmacia Biotech, UK) gradient centrifugation. Extracted blood was diluted at a ratio of 1:1 with Hanks' Balanced Salt Solution (HBSS), pelleted by centrifugation and rinsed twice more in HBSS. Cells were resuspended in RPMI-1640 medium prior to cell counting. To enrich for monocytes, cells were plated at a density of 4Â10 6 cells/mL and incubated at 37 -C for 1 h. Plated cells were washed twice in HBSS to remove nonadherent lymphocytes. Monocyte RNA was subsequently harvested from adherent cells. Macrophages were matured by culturing monocytes for 5 days in RPMI-1640 plus 10% fetal calf serum with 50 ng/mL GM-CSF (R&D Systems, USA). To confirm GM-CSF macrophage maturation osteopontin gene expression levels were assayed in RNA derived from the monocytes and macrophages [18] .
RNA isolation
Total RNA was extracted from human immune cells and pulpal tissues using the RNeasy mini kit (Qiagen, UK) and eluted in a volume of 30 Al of sterile water as recommended by the manufacturer. Prior to RNA extraction, tissue was homogenized using an Ultra-Turrax T8 tissue disrupter (Fisher Scientific, UK). RNA concentrations were determined from absorbance values at a wavelength of 260 nm using a BioPhotometer (Eppendorf, UK). RNA samples used in this study had 260/280 nm ratios equal to or greater than 1.8 and RNA integrity was additionally verified by visual inspection of samples on 1% non-denaturing agarose gels stained with SYBR Gold (Molecular Probes, UK).
Microarray target preparation and hybridisation
Gene expression using pooled RNA from 12 clinically healthy and 11 carious teeth, which exhibited only deep dentinal lesions/pulp exposure, were analysed using human Affymetrix HG _ U133A oligonucleotide arrays, as described at http://www.affymetrix.com/products/arrays/specific/ hgu133.affx. The average amount of RNA isolated from pulps from clinically healthy teeth was 0.62 T 0.08 Ag and from carious teeth was 1.15 T 0.27 Ag. Total RNA from each sample was used to prepare biotinylated target RNA, according to the manufacturer's instructions (http://www. affymetrix.com/support/technical/manual/expression _ manual.affx). Briefly, 5 Ag of DNase digested total RNA was used to generate double-stranded cDNA using SuperScript reagents (Life Technologies) and a T7-linked oligo(dT) primer. cRNAs were synthesized using the Enzo Bioarray High Yield RNA transcript labeling kit (Affymetrix, UK) and resulting biotinylated labeled cRNA was subsequently fragmented into 35-to 200-bp lengths using the Fragmentation buffer (Affymetrix, UK). As recommended by the manufacturers, RNA, cDNA and cRNA quality and size distribution were visually confirmed by agarose gel electrophoresis. Spike controls B2, bio-B, bio-C, bio-D and Cre-x were added to the hybridisation cocktail before overnight hybridisation at 45 -C for 16 h. Arrays were stained and washed on the Fluidics Station 400 (Affymetrix, UK) using the EukGE-WS2 protocol (dual staining) before being scanned twice on the GeneChip Scanner 3000 at an excitation wavelength of 488 nm. cRNA was initially hybridised to Test3 GeneChips to confirm sample integrity prior to hybridisation to U133A microarrays. Microarray analysis complied with MIAME standards (http:// www.mged.org/Workgroups/MIAME/miame.html) and hybridisation results have been submitted to the Gene Expression Omnibus (GEO) (see below).
Data analysis
To extract significant changes (2-fold or higher) in gene expression between healthy and carious samples, the comparison data files generated by the Affymetrix Microarray Suite 4.0 (MAS 4.0) software were initially sorted by deleting transcripts (i) displaying no change in expression, (ii) having a detection P value of equal to or higher than 0.045 and (iii) having a signal log ratio of between À1 and +1. Based on previous experiences, Affymetrix recommendations and published literature [21] transcripts exhibiting over 2-fold change were subsequently classed as being differentially expressed between the healthy and carious pulpal samples. The data are available at the Gene Expression Omnnibus (GEO) website under the series number GSE1629 (http://www.ncbi.nlm.nih.gov/geo/).
To classify genes according to standardized GeneOntology (GO), vocabulary for the categories of biological process and molecular function information from the NetAffx software (Affymetrix, UK) was utilised or entire datasets were imported into the Onto-Express software (http://vortex.cs.wayne.edu/projects.htm) [22] . The default binomial probability distribution and Bonferroni multiple experiment correction settings of the software were used for data analysis. Probability values were derived from the numbers of genes corresponding to each GO category among the differentially expressed datasets compared with the number of genes expected for each GO category, based on their representation on the Affymetrix U133A array [22] .
cDNA synthesis for PCR analysis
For single-stranded cDNA synthesis for use in PCR analysis, 1 Ag of DNase digested total RNA extracted was used as templates for reverse transcription (Omniscript kit, Qiagen, UK). Either oligo-dT, for semi-quantitative RT-PCR analysis, or random hexamers, for real-time RT-PCR analysis, was used to prime the reverse transcription reactions, performed as recommended by the manufacturer (Qiagen, UK). Synthesized cDNA concentrations were determined from absorbance values at a wavelength of 260 nm using a BioPhotometer (Eppendorf, UK).
Semi-quantitative reverse transcriptase polymerase chain reaction (Sq-RT-PCR) analysis
Sq-RT-PCR analysis was performed used the pooled RNA samples previously described for microarray analysis. Differential expression analysis was performed for the human genes SLIT2, Period-2 (PER2), Period-3 (PER3), osteoadherin, Glypican 3, Midkine, activin receptor interacting protein-1 (AIP1), osteoadherin and growth hormone receptor (GHR), Interleukin-11 (IL-11), Bone sialoprotein (BSP), matrix Gla protein (MGP), endothelial cell growth factor-1 (ECGF1), inhibin hA and orosomucoid-1 (ORM1) with the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) used as control. The primer sequences and cycling conditions used are shown in Supplementary Table S1 . Fifty nanograms of cDNA were used to seed 50 AL PCRs, which were subjected to between 32 and 42 cycles. A typical amplification cycle of 95 -C for 20 s, 60/61 -C for 20 s and 72 -C for 20 s was performed using a Mastercycler thermal cycler (Eppendorf, UK). Following a designated number of cycles, 8 Al of the PCR mix was removed and the product separated and visualized on a 1.5% agarose gel containing 0.5 Ag/mL ethidium bromide. Primers were designed from the Affymetrix probe target ID sequences using the Primer3 program (http://frodo.wi.mit.edu/cgi-bin/ primer3/primer3 _ www.cgi).
Real-time RT-PCR analysis
Real-time RT-PCR analysis was performed using RNAs obtained from pulps from clinically healthy and carious teeth exhibiting a range of carious lesions from enamel involvement only to pulpal exposure. Expression levels of the human genes Adrenomedullin (ADM) and Dentine Matrix Phosphoprotein-1 (DMP-1) were analysed. TaqMan probes and primers were designed to span intronexon boundaries using Primer Express 1.5 software (Applied Biosystems, UK) (Table S1 ). HPLC purified primers and probes were labeled with the fluorescent reporter dye 6-FAM and the quencher dye 6-TAMRA, at the 5V and 3V ends, respectively (Thermo Hybaid, UK; Eurogentec, UK).
Quantitative PCR was performed using the ABI Prism 7700 Sequence Detection System (Applied Biosystems, UK). Each individual 25 Al PCR was seeded with 25 ng of cDNA and contained final concentrations of 1Â Universal TaqMan Master Mix (Applied Biosystems, UK), 0.9 AM of forward and reverse primer, 0.15 AM of 6-FAM probe, 1Â 18s rRNA eukaryotic endogenous control (5Vlabeled with 6-VIC) (Applied Biosystems, UK). PCRs were performed in 96-well plates covered with MicroAmp Optical Caps (Applied Biosystems, UK). Amplification conditions were 50 -C for 2 min, 95 -C for 10 min, then 44 cycles of 95 -C for 15 s and 60 -C for 1 min. All PCR assays were performed in triplicate.
ABI 7700 Prism SDS 2.1 software (Applied Biosystems, UK) recorded fluorescence intensity of reporter and quencher dyes and results were plotted versus time, represented by cycle number. To obtain a precise quantification of initial target, amplification plots were examined during the early log phase of product accumulation above background [the threshold cycle (Ct) number]. Ct values were subsequently used to determine DCt values (DCt = Ct of the gene minus Ct of the 18S rRNA control) and differences in Ct values were used to quantify the relative amount of PCR product, expressed as fold change by applying the equation 2
ÀDCt .
Results
Microarray analysis
From 5 Ag total RNA starting amounts, approximately 35 Ag of fragmented biotin labeled healthy and carious cRNA was generated. The high quality of each of the target samples was confirmed using Affymetrix Test3 GeneChips (see Table 1 ). HG _ U133A microarrays were subsequently hybridised in duplicate with 15 Pairwise analysis of duplicate hybridisation data indicated that of the 9766 genes detected as being present by both targets, 445 genes, 4.56% of detected genes, were 2-fold or greater differentially expressed between healthy and carious pulpal samples. Of this dataset, 85 and 360 were more abundant in healthy and carious tissue, respectively. The majority of the differentially expressed genes (3.65%) were 2-to 10-fold differentially expressed with only 0.91% exhibiting greater than 10-fold differentially expression. Fig. 1 provides graphical representation of the differential expression distribution of the genes detected. Please refer to the Supplementary Material for this article for a compre- Table S3 ) in pulpal tissue due to carious disease.
Gene ontology analysis
To translate the data into a more meaningful biological context and to characterize more thoroughly sets of functionally related genes, the differentially expressed datasets were subsequently organized into GO groupings using the publicly available software Onto-Express (OE). The OE software subsequently automatically translates the nonredundant datasets using standardized GO terms for biological process and molecular function providing statistical significance results for each category. GO groupings were determined by comparing the number of genes expected for each GO category based on their representation on the Affymetrix HG _ U133A array. Significant differences from the expected were calculated with a two-sided binomial distribution. Figs. 2 and 3 show all GO classes with a Bonferroni-corrected significance of P < 0.05 for the two datasets analysed. Notably, the biological process GO groupings demonstrating the most significant representation in our set of genes more abundant in carious pulpal tissue, map to the inflammatory and immune response, although a variety of biological processes associated with cellular and tissue defence mechanisms were also identified, potentially correlating with the presence of infiltrating immune cells recruited in response to bacteria infection. Supportive of these data were significant molecular function GOs, which included chemokine, MHC class II receptor and manganese superoxide dismutase activities also previously shown to be associated with an immune response to bacteria infection. In contrast, the GO analysis of genes more abundantly expressed in healthy pulpal tissue identified a variety of processes and functions potentially lost or down-regulated due to disease progression. Of particular note were the biosynthetic pathways, which may be down-modulated due to the ensuing inflammation.
Individual gene expression analysis
To validate the microarray data, semi-quantitative and real-time RT-PCR was performed on selected differentially expressed genes. Specific genes were chosen, based on criteria that included (i) their expression not previously having been described in mature pulpal tissue or during carious disease, (ii) their representation of a range of ontological classes/functions and (iii) their fold change and signal intensities spanning a range of values. Data confirmed that the 14 genes analysed by semi-quantitative RT-PCR (Fig.  4) were differentially expressed as predicted by the microarray data. No attempts were made to statistically correlate fold change with differential expression detected by PCR although a visible correlation was noted (Fig. 4) .
Real-time PCR analysis was also utilised to analyse expression levels of two genes, ADM1 and DMP1, in RNA extracted from individual human healthy and carious pulpal samples which exhibited a range of stages of disease severity from enamel involvement only through to pulpal exposure. Whilst overall expression level changes identified were in agreement with the microarray data, these analyses highlighted transcript level heterogeneity between samples, not only in carious, but also in healthy pulpal specimens (Fig. 5) . No correlations were detected using regression analysis [18] between ADM and DMP1 expression levels or between expression levels and disease severity in the sample set used (data not shown).
Real-time PCR analysis was also employed to further characterize the expression of ADM1 and DMP1 in a panel of immune system cells previously implicated in carious disease progression [10] . Expression profiling data indicated that the levels of ADM during carious disease were potentially attributable to infiltrating immune system cells, in particular activated neutrophils, whilst DMP1 was expressed predominantly by cells native to healthy pulps (Fig. 6 ).
Discussion
Vital pulp therapy aims to treat reversible pulpal injury whilst maintaining cell viability and function. Currently, two therapeutic approaches are frequently used, (i) indirect pulp capping in cases of deep dentinal lesions and (ii) direct pulp capping/pulpotomy in cases of pulp exposure. Successful treatment outcomes are dependent on the type and location of the injury, age of the tooth, the pulp capping material used and the integrity of the cavity restoration. In the future, it is hoped that biomimetic approaches will be developed based on a thorough understanding of the molecular and cellular events that occur during dental injury and disease. Such therapies aim to maintain the pulp's vitality and stimulate its innate reparative and regenerative mechanisms. Previous molecular and biochemical studies characterizing caries have, however, so far been limited. In this current study, we have addressed this issue and now describe largescale gene expression analyses in human healthy and carious pulpal tissue.
To date, most reported microarray studies have focused on cultured cells exposed to factors important for disease progression. Subsequently, the disease relevance of the gene expression changes identified required validation in vivo. For our approach, we have directly used pooled clinical samples from in excess of 10 healthy and 10 carious pulpal teeth. Pooling of RNA from such relatively high numbers of specimens was required to generate sufficient amounts of RNA to enable microarray analysis, providing an Faverage_ response of core pulpal tissues under deep carious lesions. Notably, the use of microarrays and complex tissues poses challenges as the pulp is composed of heterogeneous and Fig. 2 . The significant (Bonferroni-corrected-P < 0.05) biological processes and molecular functions identified by the 360 genes more abundantly expressed in carious pulpal tissue. P value and the number of genes corresponding to each GO functional class are shown. changing cell populations with interactions between immune and non-immune cells being pivotal to disease pathogenesis [10] . Indeed, analysis of the expression of CD antigens in carious disease (Supplementary Table S2 ) highlights this complexity. Gene expression changes identified using this approach will therefore represent an average Fig. 3 . The significant (Bonferroni-corrected-P < 0.05) biological processes and molecular function identified by the 85 genes more abundantly expressed in healthy pulpal tissue. P value and the number of genes corresponding to each GO functional class are shown. of many different cell types and transcripts from cells native to the pulp may appear decreased relative to the total mRNA pool as a result of infiltrating immune cell populations.
Since genes contained on the arrays were not selected specifically for the analysis of gene expression in caries, they do not reflect biases inherent to its pathogenesis. This approach, therefore, enhances the likelihood of identifying important expression changes that are not currently part of our understanding of caries. Pertinently, whilst results obtained (Supplementary Tables S2 and S3 ) concur with differential expression reported elsewhere, including increases in expression in caries of IL-1h, IL-6, IL-8, S100A8 and S100A9 [18] and decreases of DSPP [20] , our data now identify a significant number of expression changes associated with chronic inflammation and tissue remodelling that have not previously been described.
The translation of such high-throughput gene expression data into meaningful biological information and identification of associated pathways/networks is a challenge to biologists and bio-informaticians in this post-genomic era. As manual literature searching is inefficient, extremely time consuming and does not provide a common language for researchers, we chose to use the Onto-Express software, which utilises the standardized GO vocabulary [23] . The GO groupings identified for biological process and molecular function from the genes more abundant in diseased pulps (Fig. 2 ) identify many groupings previously linked with an immune/inflammatory response associated with a bacterial infection. In conjunction with the TEST3 GeneChip hybridisation results (Table 1) , which indicated the high quality of the labeled cRNA, this analysis provides additional confidence in the list of differentially expressed genes presented in this study. In contrast, the GO groupings identified by genes more abundant in healthy pulps identify potentially homeostatic biological processes and molecular functions down modulated during the disease process (Fig.  3) , many of which warrant further investigation.
Our confirmatory PCR analyses (Figs. 4 and 5) support our microarray findings and highlight the differential expression in pulpal tissue of several genes previously not associated with carious disease. Whilst genes down-regulated due to caries may correspond to pulpal transcripts representing a decreased proportion of the total mRNA pool, these analyses nevertheless provides novel data on their dental tissue expression. In particular, the presence of the circadian clock genes, PER2 and PER3, has not previously been reported. PER2 has, however, been described in murine bone marrow [24] and data indicated its expression to be potentially lineage or differentiation stage-dependent. As circadian rhythms have also been associated with the deposition of incremental dentine [25, 26] , the role of these genes in dental tissue repair warrants further investigation. Differential expression of members of the non-collagenous protein family termed SIBLING (Small Integrin-Binding Ligand, N-linked Glycoprotein), namely DMP1 and BSP, were also confirmed by PCR analyses (Figs. 4 and 5 ). This family also includes osteopontin (OPN), DSPP and matrix extracellular phosphoglycoprotein (MEPE), which play key biological roles in mineralization of bone and dentin ECM [27] . Data presented here and previously [18] now indicate, that whilst both DMP1 and DSPP (Supplementary Table S3 ) are down-regulated by core pulpal tissue during caries, the converse is true for the transcript levels of BSP (Fig. 4) and OPN (Supplementary Table S2 ). Interestingly, work by Decup et al. [28] has also shown that BSP is capable of stimulating pulpal cells to differentiation into odontoblasts which secrete an organized ECM. Hence, the increased expression of BSP may be indicative of potential repair processes ongoing within diseased pulp.
IL-11 (Fig. 4) is a pleiotropic cytokine produced by a variety of stromal cells [29] . Recent work [30, 31] has shown that IL-11 acts synergistically with BMP-2 to induce osteoblast differentiation and accelerate bone formation. As previous reports have shown BMP-2 capable of stimulating pulpal cells to differentiate into odontoblast [32 -35] , our data now indicate that the role of IL-11 in this process should also be considered. Whilst the expression of SLIT2, GHR, Inhibin hA, midkine, osteoadherin and matrix Gla protein has been described during tooth development and mineralization [36 -41] , our analyses now provide evidence of their differential expression in mature healthy and carious pulpal tissue (Fig. 4) . Notably, another potentially interesting finding of our microarray analyses is the identification of the relatively dramatic downregulation, 29-fold, of zeta-crystallin in pulps from carious teeth (Supplementary Table S3 ). Whilst this represents novel data, other family members have been shown to play a role in mineralized tissue function and are potentially important in the pulp's response to mechanical and thermal stresses [42, 43] .
Perhaps, our most significant finding is the increased ADM expression associated with caries. ADM is a recently discovered pluripotent peptide hormone important in a range of physiological and pathological processes. Many tissues of the body express it and it has a remarkable range of effects mediated by paracrine/autocrine and endocrine mechanisms [44] . Active ADM is derived by proteolytic cleavage of pro(p)ADM which subsequently acts through two receptor subtypes, termed L1-receptor (L1-R) and calcitonin receptor-like receptor (CRLR). The CRLR functions as either a calcitonin gene-related peptide (CGRP) receptor or a selective ADM receptor depending on which member of a family of chaperones, named receptor-activitymodifying proteins (RAMPs), is expressed. RAMP1 generates CGRP receptors, whilst RAMP2 and RAMP3 produce L1-Rs [45] . ADM is important in embryonic tissue development, particularly in the tooth, where strong mesenchymal -epithelial interactions occur [45] . ADM can act as a mitogen, apoptosis survival factor, angiogenic stimulant and regulator of immune response [46, 47] and is therefore a powerful candidate mediator of various cellular responses in the pulp. In addition, ADM is a potent osteoblast stimulator, in terms of proliferation and osteogenic activity, both in vitro and in vivo, and as a result has been proposed as an attractive candidate treatment for bone diseases and defects [48] . Our analyses now highlight its differential expression within the pulp and our microarray data also indicate that RAMP1, RAMP3, CRLR and CGRPreceptor component protein expression are all expressed in healthy pulps although their expressions were unchanged as a result of disease (data not shown). These findings indicate that further characterisation of the role of ADM, its receptors and RAMPs is warranted as it may provide a novel target for dental inflammation and regeneration control.
In addition to the confirmation of differential expression of the 16 genes reported here (Figs. 4 and 5) , we have also verified differential expression of 6 genes up-regulated and 4 genes down-regulated during caries which represent transcripts of unknown function (unpublished data). Work is currently underway to characterize the role of these novel genes in dental health and disease.
A better understanding of the roles of the differentially expressed genes identified by our microarray analyses during the caries disease process will require identification of their cellular origin using techniques such as in situ hybridisation and immunohistochemistry in mature and developing dental tissue. Such analyses will determine whether expression of these molecules is by cells native to the pulp or due to infiltrating immune cells. Notably, comparison of genes up-regulated in pulpal tissue during caries with genes increased in neutrophils stimulated with the cariogenic pathogen, Fusobacterium nucleatum [49] , has identified nine genes common to these two datasets (unpublished data). These analyses indicate that the metallothioneins 1L, 1X and 2A, the GRO1 oncogene, ORM1, RNase A k6, the MAFF transcription factor, HLA-DQB1 and superoxide dismutase 2, are potentially expressed by the infiltrating neutrophil population during carious disease.
Technological improvements will soon facilitate interrogation of whole genome microarrays with RNA derived from single teeth. Thus, high-throughput gene expression analyses, taking into account important disease factors, such as age of carious lesion, remaining dentine thickness, age of patient, disease severity and infecting microbial population, will enable a more comprehensive understanding of the molecular circuitry involved in carious disease and facilitate future targeted treatment regimes for early and end stage disease. Our study provides novel data regarding the molecular characterisation of the complex interplay between reparative and inflammatory events that occur under lesions from one of the most prevalent chronic diseases in the world. In addition, potential novel targets are identified for further research that may enable development of new treatment modalities targeted at controlling the inflammatory process and maintaining tooth vitality, whilst permitting essential defence and repair reactions to occur. Such approaches have the potential for immense impact on healthcare globally.
